We discuss higher dimensional effective operators describing interactions between fermionic dark matter and Standard Model particles. They are typically suppressed compared to the leading order effective operators, which can explain why no conclusive direct dark matter detection has been made so far. The ultraviolet completions of the effective operators, which we systematically study, require new particles. These particles can potentially have masses at the TeV scale and can therefore be phenomenologically interesting for LHC physics. We demonstrate that the lowest order options require Higgs-portal interactions generated by dimension six operators. We list all possible tree-level completions with extra fermions and scalars, and we discuss the LHC phenomenology of a specific example with extra heavy fermion doublets. *
Introduction
Direct searches for dark matter particles have been so far inconclusive. Hints for a possible observation of a DM particle with a mass around 6 to 10 GeV have been found by CoGeNT [1] and CDMS [2, 3] . After the recent revision of the XENON10 results [4, 5] , the constraints on the CoGeNT/CDMS signal region from XENON10 have been significantly weakened. There is, however, a tension with regard to the constraints from XENON100. So far it is not clear how to resolve this conflict, but possible models to avoid it have been discussed in the literature [4, [6] [7] [8] .
One possibility is to have isospin violating dark matter [9] [10] [11] [12] [13] [14] that can suppress interactions with Xenon. It has also been suggested, that uncertainties about the sensitivity of the XENON100 experiment may relax this tension [15] . To learn more about the true nature of DM and whether it exists in the indicated parameter region, more observational data are required. Recently the LUX experiment [16] has published new results [17] giving further constraints. The strongest bounds from collider experiments are mono-jet and mono-photon searches at the LHC [18] [19] [20] [21] [22] .
These searches are sensitive for the pair production of DM particles with initial state radiation.
For a recent review on dark matter searches see, e.g., Ref. [23] .
As the fundamental theory behind dark matter (DM) is not yet known, it is a frequently used approach to describe interactions of DM particles by using effective operators [24] [25] [26] [27] [28] [29] [30] [31] [32] .
A better understanding of the effective operators describing DM interactions will help in the discussion of those experiments and their results. In particular, the fundamental theory leading to such effective operators gives rise to alternative ways to test the model, and, in fact, there may be observational implications showing up elsewhere. It is therefore interesting to study the high energy completions of the effective theory in a systematic way; see, e.g., Ref. [33] [34] [35] for the lowest order decompositions.
One possible explanation for not having detected dark matter yet is that the DM interaction may be governed by a higher dimensional operator. Higher dimensional operators are an effective parametrization of physics at a heavy scale. They are suppressed by powers of the new physics scale Λ:
In the case of DM interactions, the additional suppression of the higher dimensional operators can reduce the cross-section of detection processes even if new physics appears at the TeV scale and the couplings are order unity. In that case, the correct relic abundance, as observed by WMAP and PLANCK [36, 37] , can still be obtained. The usual mechanism to obtain these abundances is thermally produced DM. In this case DM particles are in thermal equilibrium until their annihilation rate becomes insufficient and they freeze out. An alternative model is that of a feebly interacting massive particle (FIMP) that is produced via a so-called freeze-in mechanism [38] : The particle has initially a low abundance. Due to its very weak interactions with the particles in the thermal bath it cannot reach the equilibrium state. Its abundance will increase, nonetheless, due to these interactions, until the temperature drops sufficiently below its mass.
To generate higher dimensional operators, additional mediators and interactions will be needed, which means that additional phenomenology is implied. We therefore focus on the possibility to have higher dimensional operators as leading contribution to DM interactions, and we systematically discuss the possible implementations of such operators in the following at tree-level. We will show that many of these models can be ruled out or be constrained on the basis of very general and model-independent arguments.
We focus on fermionic dark matter in this study, and we consider higher dimensional operators with extra SM singlet scalars and fermions. This study is organized as follows: We recapitulate the decompositions of the leading order effective operators in Sec. 2, which we need later to exclude mediators or interactions present at leading order. Then we discuss direct detection from higher dimensional operators and their tree-level decompositions in Sec. 3. Finally, we illustrate possible tests at the LHC for one example with extra fermion doublets in Sec 4.
Figure 2:
Leading order interactions of fermionic DM with SM particles: Direct detection interac-
h.s) generated from the Higgs-portal effective operator
Leading order effective operators
The following classes of operators describe all leading order interactions of DM fermions, denoted as χ, with SM particles, see Fig. 1 :
In literature these operators are discussed to describe interactions of DM with SM fermions.
Operator O 1 is a dimension six operator describing the interactions among DM fermions and SM fermions directly. Operator O H is a dimension five operator describing interactions among DM fermions and the SM Higgs. This so-called Higgs-portal operator
is well known and studied in the literature [8, [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] . Recent detailed analysis [52, 58, 59] have found constraints for the effective coupling λ hf f mostly from XENON100, namely
As we illustrate in Fig. 2 , the SM Yukawa interactions generate the following direct detection d = 6 operator after electroweak symmetry breaking:
In spite of the higher dimension of that operator than Eq. (2), the two operators can be of the same order, and, in fact, Eq. (6) may be even leading. The reason is that the SM Higgs takes the role of one of the mediators on the r.h.s. of Fig. 2 . In the following we will discuss this in more detail: The effective coupling of DM particles to nucleons, which is experimentally relevant, is for O 1 given by
with the form-factor f
N and assuming order one couplings. For O 2 we obtain
where all non-SM couplings are assumed order one and flavor blind. The nuclear form-factor for the coupling of the Higgs to nucleons is given by [48] 
where m N is the nucleon mass, f T q are the form factors for the coupling of the Higgs to the quarks in the nucleon, known from Lattice-QCD and f T G is the gluon form-factor. Numerically f H N is of about order one. The form factor for the direct interaction can be adopted from the one used for effective spin-independent neutralino-nucleon cross-sections (see, e.g., Ref. [60] ), which correspond to operator O 1 :
Its numerical value is also order one. In conclusion, we find that the direct DM-nucleon If they are integrated out, the corresponding effective operator will be generated. For the decomposition of the effective operators, we use the techniques which have been applied to neutrino masses [61, 62] , neutrinoless double beta decay [63] , and anomalous Higgs couplings [64] before. We discuss the Lorentz structures and decompositions for Eq. (2) and Eq. (3) in the next following subsections.
Effective operators of the class χχ f f
In this case one has to distinguish between Dirac and Majorana dark matter. In the first case, the dark matter is composed of two (Weyl spinor) components X = (χ R ,χ L ), which have the mass term
In the second case, we only have one Weyl component X = (χ c , χ). The mass term is
where X R/L = (1 ± γ 5 )X. We use the convention that the product of left-handed Weyl spinors is understood to be Lorentz invariant, thus χχ
The lowest dimensional operators describing the scalar and vector interactions of dark matter with SM fermions can be related by Fierz identities and are
The factors 1/Λ 2 are understood to be present everywhere. In Eq. (13), terms such as This is due to the fact that left-and right-handed components are not independent. Thus, in summary, it is not possible to forbid all of these operators by a symmetry. We will discuss only Dirac DM in the following, but the discussion of Majorana DM can be made in a parallel way by replacing χ R with (χ L ) c . In the following we will mostly use Weyl spinors.
In order to check if the mediators and interactions needed to construct a higher dimensional operator will lead to any of the two operators in Fig. 1 , we exemplify the decompositions in
; it is similar for the other ones (see also Tab. I of Ref. [33] ).
The decomposition with vector bosons can be easily avoided if χ is a singlet under any gauge symmetry. The scalar mediator has to carry exactly the same (or conjugated) quantum numbers as the external SM fermion f R under the SM gauge symmetry, since χ is a SM singlet. In order to stabilize the DM we assume it is charged under a Z 2 symmetry whereas all SM particles are not. We will use the notation "+" for Z 2 -even particles and "-" for Z 2 -odd particles.
From the diagrams in Fig. 3 one can easily see that also the scalar mediators will be odd under this parity. In conclusion we find that the operators from Eq. (13) are only present in models that include additional vector bosons and scalars with the following charges under
(1, 1, (13) or their charge conjugates; the * refers to any possible charge. We will show in section 4 a realization of such a model. In Tab. 1 we list all operators up to d=7 that are relevant for DM interactions, in the direct interaction as well as in the Higgs-portal scenario. Here we include also operators with a scalar singlet S as external field, although such a field is not part of the SM. As will be seen in the following, S appears, however, in many decompositions of operators of the type χχ(H † H) 2 as a mediator that couples to the Higgs field via a term H † HS. Since the S can obtain a VEV due to this coupling, an operator of the type χχH † HS will be induced. This is schematically (a) (b) illustrated in Fig. 5 . One therefore should also consider the latter operators in order to present a consistent picture of higher dimensional DM interactions.
Effective operator χχ H
In the following we will discuss the next-to-leading order operators for direct interactions, the d = 7 operators χχf f S and χχf f H. We will show that they always imply that also the leading direct or Higgs-portal operators exist and that they therefore give only sub-dominant contributions to DM interactions. We will therefore focus on the next-to-leading Higgs-portal operator χχH † HS. We will also discuss the operator χχ(H † H) 2 , which is the next-to-leading order operator that does only contain SM fields.
While the suppression of the interaction of DM with SM particles via higher dimensional operators is favored by experimental bounds, small cross-sections make it difficult to obtain the leading to resonant production [59] . In that case one has also to consider limits from the Higgs to invisible branching ratio [52] . Another possibility is that a lower dimensional operator is responsible for production but is not involved in direct detection, since it does not couple to quarks. We will discuss a possible realization of such a mechanism in Sec. 3.3. Finally, it is also possible that DM is produced non-thermally. In this context it is interesting to discuss feebly-interacting massive particles (FIMPs). In principle, higher dimensional operators and their additional suppression of interactions can be a way to generate small interactions as required for FIMPS. This works only if the mediators are not present anymore in the thermal bath, i.e., they have to be very heavy. If they were present, the FIMP particles would couple to the mediators in the bath, which would bring them into thermal equilibrium and destroy the freeze-in mechanism. For mediators at the TeV scale, this would be a problem.
Operators of the type χχ f f S
The decompositions of the operator χχ f f S can be easily obtained from operator #A1 (or #A2) in Fig. 3 by inserting a coupling to the external S field at all possible lines. Note that we assume the DM field χ to be a gauge singlet, which means that we do not have to consider direct couplings to vector bosons at tree-level, such as in #A3. The result is shown in Fig. 6 . Not 
where the dot between two fields signifies a product that is invariant under the SM gauge group, which depends on the quantum numbers of f . One can now see that the terms λ χf S χf · φ and m φ φ † φ will also lead to the diagrams #A1 and #A2 of Fig. 3 . A similar argument can be made for operators #S1 and #S2. We conclude that any of the decompositions #S1, #S2 or #S2
would also imply the existence of operator #A1 or #A2. Or in other words, if the operator χχ f f is forbidden, also the operator χχ f f S will not be present.
Operators of the type χχ f f H
The decompositions of the operator χχ f f H are shown in Fig. 7 . Operators #B2, #B4 and #B5 contain fields and couplings that again would also generate the operator χχ f f and are therefore not interesting to us. This is the same argument that has been made in the previous section. Operators #B1 and #B5 on the other hand contain a mediator 2 s 
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Topology c2 Topology c3 Topology c4 
Operators of the type χχ H † HS
In order to justify the suppression in Eq. (5) we extend the SM with an extra scalar singlet S and instead of the operator in Eq. (4) we will consider the following
First we observe that in order to generate operators of the type χχH † HS we need an additional scalar singlet which obtains a VEV. This would automatically imply the second operator from Fig. 4 , where S assumes the place of the mediator. We therefore require that the scalar S, as well as the DM field χ, are charged under a discrete symmetry (in addition to the matter parity that stabilizes the DM particles) to forbid at least one of the necessary couplings. For example the field S can have charge ω = e As discussed earlier, we need to avoid the lower dimensional operators in Fig. 1 . As pointed out in section 2, it is not possible to forbid these operators by charging the external fields under a discrete symmetry, since some of these operators are invariant under any charge assignment.
It is however possible to avoid these operators, if the mediator fields generating them are not present. So first of all we require that no additional vector fields are present, that couple to the 
Top. ext. Fields
Mediators #C1 c1 DM particle. This is easy to achieve since we assume χ to be a gauge singlet. Furthermore we have to also avoid scalars with the quantum numbers specified in Eq. (14) . 
where 1 s 0,ω = S. So this decomposition will be present (possibly besides others) in any model that generates the operator χχHHS.
Looking at decomposition #C4, we face another possible problem: the mediator 1 f 0,ω 2 ≡ χ and the coupling Sχχ can introduce a Dirac mass-term m χ χχ . This means we would obtain another DM χ component which mixes with χ and allow for the leading order operator χχ H † H.
This decomposition is therefore problematic.
Operators of the type χχ (H
We now want to discuss the d = 7 operator χχ (H † H) 2 . This is the next-to leading operator in the Higgs-portal scenario that contains only SM fields. The possible topologies for the operator χχ(H † H) 2 are presented in Fig. 10 . As we will show in the following, all decompositions of this operator are difficult to obtain as a dominant contribution to Higgs-portal induced DM
interactions.
This is due to various reasons. In case of topologies e2, e3 and e4a-e4d we always have a vertex where two external Higgs fields couple to a mediator, which can be a SU(2) singlet or triplet. In the singlet case we encounter the problem we now from the discussion of Fig. 5 : If the singlet mediator will obtain a VEV we actually have an operator of the type χχH † HS and not χχ(H † H) 2 . In fact, we cannot avoid this VEV due to the coupling of the singlet to the Higgs, see also Refs. [62, 67] for a similar discussion for higher dimensional operators generating neutrino mass. In the case of a triplet mediator that couples to a pair of external Higgs fields we can argue analogously: The neutral component of the triplet also obtains a VEV via its
Higgs coupling and again we have effectively a lower dimensional operator. In the triplet case, we know however, that the VEV and the coupling must be small, since otherwise we would generate too large neutrino masses via a type-II seesaw diagram.
Also topology e1 has a similar problem: The quartic coupling of the three external Higgs fields to a scalar mediator implies that this mediator is indeed also a Higgs field, since it is an SU(2) doublet with the according quantum numbers. Hence we can cut this diagram at this mediator and obtain the standard Higgs-portal operator O H .
The only remaining option is topology e4e. Since it has only fermionic mediators we do not run into the same difficulties as discussed above. Here, however, different ones appear: We have the the mediator coupling to the Higgs and and the χ field is the same that generates Fields: SM Fermions Scalars the operator #H1 in Fig. 4 . So we cannot avoid the standard Higgs-portal operator. Even an additional symmetry would be of no help, since H † H is a singlet under any such symmetry.
In summary, the operator χχ (H † H) 2 is not a good option for generating DM interactions at higher dimensions.
LHC phenomenology
In this section we exemplify generic LHC signatures for such models using one specific example (operator #C6), which is shown in in Fig. 11 , with the fields listed in Tab representation, except from the DM candidate χ which is an SM singlet.
The according Lagrangian reads:
The "·" denotes the invariant product of the SU(2) doublets. The doublets can explicitly be expressed as
Several aspects can already be understood from the mass spectrum of the additional particles.
Here we will assume for simplicity that all new couplings are real. In addition to the SM-fermions this model contains two charged fermions and five neutral Majorana fermions. We get the mass
for the charged ones in the basis (ξ u , ξ c d ) and
for the neutral ones in the basis
We denote the mass eigenstates of the charged fermions by X + i (i = 1, 2) and the neutral ones by X 0 j (j = 1, . . . , 5). In the scalar sector one has a massive pseudoscalar P 0 , which is purely singlet-like, with
. Note, that this implies a relative sign between v S and κ. Moreover, there are two scalar Higgs bosons with a mass matrix
Note, that this gives an upper bound on m 2 P ≤ (6λ S − 3 2λ λ 2 SSHH )v 2 S at tree level as the determinant has to be positive. We denote the mass eigenstates by h i (i = 1, 2). One of them has to be essentially the SM Higgs bosons as required by existing LHC data [68, 69] and as a consequence the second one will be mainly a singlet like states which can hardly be produced directly. However, as we will see below, it can be produced in the cascade decays of the additional fermions. Depending on the mass hierarchy the pseudoscalar P can decay either into two of the new fermions or into two photons via a loop of ξ + fields. For the latter the relevant couplings are λ ξξS and λ ξξS respectively. In case that the photon decay mode is dominating, one has to check that its life-time is short enough in order not to destroy the successful prediction of Big Bang Nucleosynthesis. The corresponding partial decay width is approximately
for m X + = 500 GeV.
For the LHC phenomenology one can distinguish two limiting cases:
is heavily constrained by the LEP and Tevatron data: in this case one of the charged fermions would be rather light which is excluded by the existing data [70] . As the lightest neutral fermion should be mainly the singlet state one gets two conditions on the underlying couplings: (i)
λ Sχχ is sufficiently small such that the lightest neutral fermion is essentially a singlet and (ii) λ ξu and λ ξd are sufficiently small compared to the other couplings such that the mixing of the singlet-like state with the neutral components of the SU (2) doublets remains small.
In case A the charged fermions will have masses close to m ξ d and m ξu and also the neutral sector will contain two pseudo-Dirac fermions with masses close to these values. The parameters λ ξξS and λ ξξS are bounded from below, since they must guarantee small enough life-times of the pseudoscalar, as discussed above. Now if m ξ d m ξu then the dominant decay modes are 
In both cases this looks similar to the production and decays of charginos and neutralinos in the context of supersymmetric models. At the LHC the new fermions which are essentially members of the SU (2) doublets are produced via Drell-Yan processes and can in principle be detected with masses of up to about 800 GeV, see, e.g., Ref. [62] . For completeness we note, that these decays will occur via off-shell vector bosons and off-shell Higgs bosons if the mass gaps between the new fermions are so small that all two-body decays are kinematically suppressed.
In case B one finds that there are two charged fermions and two neutral quasi-Dirac fermions with masses close to λ ξξS v S √ 2
. Since the main contribution to m ξ arises from λ ξξS and λ ξξS , the lower limit on m ξ guarantees a large coupling, which implies a short life-time of the pseudoscalar.
The corresponding decays are the same as above in case A with m ξ d m ξu , see Eqs. (25) and (26).
Summary and conclusions
We have demonstrated that models exist where the dominant contribution to interactions of DM particles with ordinary matter is generated by a higher dimensional operator. In this study we have systematically decomposed the leading higher dimensional operators that induce direct DM detection. We have also shown that Higgs-portal interactions have to be taken into account as well, since they may generate direct DM detection at a similar order.
We have specifically discussed fermionic DM models where the lowest dimensional effective operators for interactions between the DM particle and SM particles, χχ f f and χχH † H, are not present. Various possible UV completions of the higher dimensional operators imply the existence of a scalar singlet S. Therefore we have discussed the next-to leading order direct interaction operators χχ f f S and χχf f H as well as the next-to leading order Higgs-portal operators χχH † HS and χχ(H † H) 2 . The first two of these cannot be a dominant contribution to DM interactions, because they would induce effective interactions of a lower dimension. A similar argument has been presented for the higher dimensional effective operator χχ(H † H) 2 .
Hence we concluded that the lowest order generic possibility requires in fact Higgs-portal interactions induced by an effective d = 6 operator χχH † HS. This can be achieved in scenarios with a Z 2 symmetry that stabilizes the DM particle and an additonal Z 3 symmetry to forbid the leading Higgs portal operator. The cross-sections of processes induced by this operator are suppressed as compared to the lowest dimensional Higgs-portal interaction. Such a scenario is a possible reason, why no conclusive evidence of DM has been found so far. We have also
shown that interactions with leptons can still be generated by less suppressed operators if color singlets are chosen as mediators. Such leptophilic DM can guarantee DM relic abundances that are in accordance with cosmological bounds.
In a particularly interesting realization of the operator χχH † HS all mediators are fermions.
These new particles can be produced via Drell-Yan processes at the LHC and have decays similar to those of charginos and neutralinos. By comparison with similar models we expect that these particles can be discovered at the LHC for masses up to 800 GeV. This will be the content of a future study.
